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Abstract Intensive physical exercise leads to increases in
left ventricular muscle mass and wall thickness. Cardiac
magnetic resonance imaging allows the assessment of
functional and morphological changes in an athlete’s heart.
In addition, a native T1 mapping technique has been sug-
gested as a non-contrast method to detect myocardial
fibrosis. The aim of this study was to show the correlation
between athletes’ cardiac modifications and myocardial
fibrosis with a native T1 mapping technique. A total of 41
healthy non-athletic control subjects and 46 athletes
underwent CMR imaging. After the functional and mor-
phological assessments, native T1 mapping was performed
in all subjects using 3.0 T magnetic resonance imaging.
Most of the CMR findings were significantly higher in
athletes who had >5 years of sports activity when com-
pared with non-athletic controls and athletes who had
<5 years of sports activity. Significantly higher results
were shown in native T1 values in athletes who had
<5 years of sports activity, but there were no significant
differences in the left ventricular end-diastolic volume, left
ventricular end-diastolic mass, or interventricular septal
wall thickness between non-athletic controls and athletes
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who had <5 years of sports activity. The native T1 map-
ping technique has the potential to discriminate myocardial
fibrotic changes in athletes when compared to a normal
myocardium. The T1 mapping method might be a feasible
technique to evaluate athletes because it does not involve
contrast, is non-invasive and allows for easy evaluation of
myocardial remodeling.
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Introduction

Intensive continual exercise leads to cardiac modifications
and remodeling, which are known as ‘athlete’s heart’. Left
ventricular hypertrophy (LVH), left ventricular (LV) and
right ventricular (RV) enlargement, and bradycardia are
some of the cardiac changes observed in athletes [1, 2]. A
study about sudden cardiac death (SCD) in athletes showed
that 14 % of cases involved idiopathic myocardial fibrosis
with or without LVH [3]. A study using cardiac magnetic
resonance (CMR) imaging found that 12 % of 102 mara-
thon runners had myocardial scarring. The prevalence in
this group was three times greater than that observed in an
age-matched control group [4]. Multiple cardiac diseases
can result in myocardial fibrosis, which can progress to
heart failure and SCD. However, the significance of exer-
cise-induced fibrosis is not well known in terms of
arrhythmogenic focus. Some authors have asserted that the
intensity of endurance exercise may have adverse cardio-
vascular effects that outweigh the benefits [5-7]. At the
same time, although athletic heart syndrome is considered
a physiologic response to exercise in general, the efficacy
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of endurance training on cardiac remodeling in young
athletes requires more research [8, 9].

CMR imaging is increasingly used to evaluate LV wall
thickness and to perform cardiac functional assessments to
identify cardiac disease in athletes. However, quantitative
ventricular parameters alone are not sufficient to evaluate
the risk of SCD because they do not detect myocardial
fibrosis [3]. Although late gadolinium enhancement (LGE)
makes it possible to identify localized fibrosis, it usually
overlooks diffuse myocardial fibrosis and allows only a
qualitative assessment [10]. Recently, the native T1 map-
ping technique using CMR imaging has shown promise in
evaluating myocardial fibrosis. Some studies have shown
that diffuse myocardial fibrosis evaluated by histology
correlates to native T1 values and have demonstrated that
T1 mapping can be comparable to LGE imaging for
detecting myocardial scar extensions [11, 12].

The aim of this study was to evaluate the correlation
between athletes’ cardiac modifications and myocardial
fibrosis by 3.0 T CMR imaging using the native T1 map-
ping technique. We hypothesized that native T1 values
increase in athletes’ hearts compared with normal volun-
teers. We also hypothesized that T1 values could be used to
differentiate between athletes with and without LVH,
which could guide future investigations on the etiological
identification of SCD and proper preventive and screening
protocols.

Methods

This prospective, observer-blinded study was performed in
a single tertiary center, and the study was approved by the
local medical ethics committee. All participants provided
written informed consent.

Study population

Between March and November 2015, 41 healthy non-ath-
letic controls (group 1) and 46 athletes (group 2) underwent
CMR imaging at our radiology department. Inclusion cri-
teria were a minimum of 6 h of intense exercise per week
for the athletes and a maximum of 3 h of moderate exercise
per week for the control group. Cardiovascular adaptations
to exercise vary depending on the type of athletic training,
which influences the degree of hypertrophy. To standardize
cardiac remodeling, the athletic group consisted of mod-
erate- to high-dynamic and low-static athletes (long dis-
tance running, football, volleyball, basketball, tennis),
based on the classification of sports criteria [13], with no
history of cardiac events. Exclusion criteria for both groups
were known LVH, cardiomyopathy, aortic stenosis, heart
valve disease, hypertension, contraindications for CMR or
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a familial history of cardiovascular disease. Before CMR
imaging, the arterial blood pressure of all subjects was
measured, and blood pressure values >140 mmHg systolic
and >90 mmHg diastolic were deemed hypertensive [14].
In addition, all participants avoided training for 3 days
before CMR imaging to prevent false increases in Tl
values in response to acute changes in the myocardium.

Cardiac magnetic resonance imaging

All athletes and healthy non-athletic controls underwent
CMR imaging using a 3.0 T clinical scanner (Magnetom
Skyra, Version El1, Siemens Healthcare, Erlangen, Ger-
many) with an 18-channel cardiac coil and electrocardio-
graphy gating. After standardized CMR planning [15],
standard steady-state free-precession cine images in a short
axis covering the LV and heart chambers 2, 3, and 4 were
acquired with the following image parameters: TR, 41 ms;
TE, 1.2 ms; flip angle, 47°. In addition, native T1 mapping
was performed in a single mid-ventricular short-axis slice
using the modified look-locker inversion recovery
(MOLLI) sequence (TR, 280.6 ms; TE, 1.12 ms; flip angle,
35°) in all subjects. The sequence was derived from the
pixelwise T1 calculation from inversion time (TI)-depen-
dent signal intensities in motion-corrected MOLLI images.
T2 mapping was performed to exclude the edematous
myocardial zones related to such cardiac pathologies as
myocarditis and acute myocardial infarction [16, 17]. T2
mapping data were acquired in the same mid-ventricular
short-axis plane used in T1 mapping, and the T2-weighted
SSFP technique (TR, 207.4 ms; TE, 1.32 ms; flip angle,
12°) was used in all subjects. The acquired images were
stored in DICOM format.

Image analysis

All CMR image analyses were performed on a Syngo Via
(Software Version VA30A, Siemens AG, Germany)
workstation. The images were evaluated by the same
radiologist (C.A.G.), who had 3 years of experience in the
field of cardiovascular imaging and was blinded to the
subject group, patient age and gender. End-diastolic and
end-systolic endocardial and epicardial contours were
semi-automatically traced. The papillary muscles were
included as the part of the LV myocardial mass. Using the
delineated contours, the left ventricular end-diastolic vol-
ume (LV-EDV) and left ventricular end-diastolic mass
(LV-EDM) were calculated, and the data were normalized
to body surface area (BSA). In addition, at the level of
segments 8 and 9, the interventricular septal wall thickness
(IVS-WT) was measured.

Pixelwise T1 relaxation time values were calculated
using manual tracing to define the LV myocardial
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circumference as the region of interest (ROI) on the mid-
ventricular short-axis images (LV native T1 value). In
addition, an ROI was placed on the interventricular septum
(segments 8§ and 9) using the same method (IVS native T1
value). Care was taken to avoid the subsumption of blood
or other tissues, such as epicardial fat, which could affect
the T1 values (Fig. 1).

In addition, pixelwise myocardial T2 map images were
evaluated qualitatively and quantitatively with the same
technique used to map the T1 ROI, and any subjects were
exclude based on this assessment.

Statistical analysis

The data were expressed as the mean (standard deviation,
SD) depending upon overall variable distributions. Nor-
mality was assessed using the Shapiro—Wilk test. The
normally distributed data were analyzed by one-way
ANOVA, followed by the Bonferroni post hoc test and an

Fig. 1 Representative images of native T1 maps from a the non-
athletic control group, b athletes who had <5 years of sports activity,
and c athletes who had >5 years of sports activity

independent samples ¢ test when appropriate. Qualitative
data were analyzed with Pearson’s Chi square and the
Yates corrected Chi square test as appropriate. Correlations
were estimated using Pearson’s correlation coefficient.
P < 0.05 values were considered statistically significant.
IBM SPSS statistics version 23.0 for Windows was used
for the statistical analyses.

Intraobserver intraclass correlation coefficients (ICC)
were determined for quantitative analyses; the 95 % con-
fidence intervals (CI) were also calculated. All T1 values
were used with at least 3 weeks between analyses for the
intraobserver agreement calculation of the quantitative
analyses.

Results

Groups 1 and 2 had similar demographic data (gender,
age); BSA; systolic blood pressure; and diastolic blood
pressure, as shown in Table 1.

There were significant differences between groups 1 and
2 in the CMR imaging findings of the LV-EDV, LV-EDM,
LV native T1 value, IVS-WT and IVS native T1 value
(P < 0.05) (Table 2).

A study on the structural features of athlete’s heart
suggested that <5 years of training would not lead to any
specific risk for cardiac disease in young athletes [18]. The
athletic group was separated by duration of sports activity
of <5 years (group 2a) and >5 years (group 2b) for further
analysis. The demographic variables between groups 2a
and 2b are shown in Table 3. All CMR imaging findings
(LV-EDV, LV-EDM, LV native T1 value, IVS-WT and
IVS native T1 value) were significantly higher in group 2b
compared to groups 1 and 2a (P < 0.05). Although there
were no significant differences (P > 0.05) in the LV-EDV,
LV-EDM, and IVS-WT between groups 1 and 2a, signifi-
cantly higher results (P < 0.05) were shown in the LV and

Table 1 Clinical and baseline characteristics

Parameter Group 1 Group 2 P value
Sex (%)

Male 26 (63.4) 28 (62.2)

Female 15 (36.6) 17 (37.8) ns

Mean + SD

Age 244 £ 3.6 245 £ 3.05 ns
BSA (m?) 1.89 £ 0.116 1.88 + 0.107 ns
SBP (mmHg) 1229 + 4.7 123.1 £ 45 ns
DBP (mmHg) 78.7 £ 4.4 789 £+ 3.7 ns

BSA body surface area, SBP systolic blood pressure, DBP diastolic
blood pressure, ns nonsignificant
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Table 2 CMR findings of
group 1 and 2

Parameter Mean + SD P value
Group 1 Group 2

LV-EDV(ml/m?) 92.8 £ 6.9 105 £ 12.3 <0.001

LV-EDM (g/mz) 417+ 52 48.5 £ 6.7 <0.001

LV native T1 value (ms) 1174 £ 364 1230.5 £+ 38.8 <0.001

IVS-WT (mm) 8.5+ 0.8 92 +09 <0.001

IVS native T1 value (ms) 1179.8 + 27.4 1267.7 £ 47.6 <0.001

LV-EDYV left ventricular end-diastolic volume, LV-EDM left ventricular end-diastolic mass, LV left ven-
tricular, IVS-WT interventricular septal wall thickness, IVS interventricular septum

Table 3 The demographic

variables between group 2a and Parameter Mean + SD P value

group 2b Group 2a Group 2b
Age (years) 223 +12 271 +£23 <0.001
Years of sports activity (years) 28 £0.6 8+ 1.6 <0.001
Endurance training (h/week) 95 +£25 8.6 25 0.2
BSA (m?) 1.86 £ 0.115 1.9+ 0.96 0.42
SBP (mm/Hg) 122.5 + 4.9 123.8 + 4 0.59
DBP (mm/Hg) 78.1 £ 3.8 79.6 + 3.6 0.44

BSA body surface area, SBP systolic blood pressure, DBP diastolic blood pressure

IVS native T1 values in group 2a. These results are sum-
marized in Table 4.

Moreover, although there was a moderately positive
correlation between the LV native T1 and IVS native T1
values in group 1, a significant positive correlation was
found in group 2a, and a superior positive correlation was
found between those values in group 2b (Pearson correla-
tion: 0.858, P < 0.001 for group 1; Pearson correlation:
0.947, P < 0.001 for group 2a; Pearson correlation: 0.979,
P < 0.001 for group 2b).

Based on these results, a significant positive correlation
was noted in athletes (groups 2a and 2b) between the LV-
EDM and LV native T1 value (Pearson correlation: 0.919,
P < 0.001 for group 2a; Pearson correlation: 0.953,
P < 0.001 for group 2b) (Fig. 2) as well as a significant
positive correlation between the IVS-WT and IVS native

T1 value (Pearson correlation: 0.814, P < 0.001 for group
2a; Pearson correlation: 0.916, P < 0.001 for group 2b).

The ICC for the LV native T1 values was 0.98 (95 % CI
0.96-0.99), indicating nearly perfect agreement. The ICC
for the IVS native T1 values was 0.95 (95 % CI 0.89-0.97),
which also represents a very good agreement. Therefore,
we can conclude that the output does not provide variance
components.

Discussion

This blinded intraobserver study showed that all CMR
imaging findings (LV-EDV, LV-EDM, LV native TlI
value, IVS-WT and IVS native T1 value) were significantly
higher in the athlete group than in the non-athletic control

Table 4 Comparison of CMR
findings between subgroups

Parameter Group 1 Group 2a Group 2b
LV-EDV (ml/m?) 92.8 + 6.9° 95.2 + 5.6 1162 + 7.3¢
LV-EDM (g/m?) 41.7 £52° 43.8 + 3.5 53.8 +5.5¢
LV native T1 value (ms) 1174 + 36.4° 1204.4 £ 23.2° 1260.3 + 30.7°
IVS-WT (mm) 8.5 + 0.8 8.8 + 0.8 9.7 + 0.8°
IVS native T1 value (ms) 1179 + 27.4° 1235.8 + 26.6° 1304.2 + 39.5°

LV-EDV left ventricular end-diastolic volume, LV-EDM left ventricular end-diastolic mass, LV left ven-
tricular, /VS-WT interventricular septal wall thickness, /VS interventricular septum

* No significant difference between group 1 and 2a

® Significant difference between all groups (group 1, 2a and 2b)

¢ Significant difference between group 2b and group 1-2a
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Fig. 2 Correlations between LV native T1 value and LV-EDM in
groups 2a and 2b

group. We further demonstrated that although there were
no significant differences in the LV-EDV, LV-EDM, and
IVS-WT compared with non-athletic controls, the native
T1 values were moderately higher in the athletes who had
<5 years of sports activity.

CMR imaging offers higher precision for evaluating the
LV-EDV and EDM due to its high spatial resolution [19-
22]. This dependable, noninvasive imaging and analysis
method for ventricular measurements is effective in iden-
tifying possible developing cardiomyopathies, which are
the most frequent causes of SCD in athletes [22-26]. In this
study, as in previous studies in the literature [22, 27, 28],
we revealed that LV-EDV, LV-EDM, and IVS-WT are
significantly higher in athletes than in non-athletic controls.
Nevertheless, our results showed no significant difference
between athletes who had <5 years of sports activity and
non-athletic controls for these parameters.

In a recent review article, Doltra et al. [29] indicated that
no study has examined an athlete’s heart to determine an
increased risk for SCD using the T1 mapping method. To
our knowledge, this is the first study to evaluate myocardial
fibrosis in athletes compared with a non-athletic control
group with the T1 mapping technique using 3 T CMR
imaging.

Athlete’s heart, which is defined as the functional and
structural adaptive changes in the heart in response to
training, indicates a predisposition for myocardial fibrosis.
Myocardial fibrosis, in turn, can lead to LV dysfunction,
heart failure and SCD [30]. In this study, we did not use the
LGE technique because the type of myocardial fibrosis in

athlete’s heart is ‘diffuse myocardial fibrosis’ (not focal)
and because LGE cannot give a quantitative value for an
objective assessment, as previously described [10]. Bull
et al. [11] showed a clear correlation between native T1
values and histologic findings in diffuse myocardial fibro-
sis. Moreover, Hinojar et al. [31] demonstrated that
abnormal native T1 values are compatible with ventricular
remodeling. In addition, independent of the disease stage,
the native T1 technique is a unique T1 mapping indicator
that can distinguish between individuals at risk for SCD
and healthy individuals. Previous studies have suggested
that native T1 mapping can identify myocardial pathology
before other CMR imaging techniques [31-34]. Based on
this knowledge, our study revealed that native T1 mapping
can detect myocardial changes at early stages of cardiac
remodeling in athletes.

In this study, we demonstrated an increase in the native
T1 values in the myocardia of  athletes
(~1230.5 & 38.8 ms) compared to non-athletic controls
(~1174 £ 36.4 ms) using 3 T MRIL This finding is a
meaningful contribution to the literature and demonstrates
that this imaging technique can be used to assess athletes’
myocardial changes. In addition, native T1 values were
significantly higher in athletes who had >5 years of sports
activity (~1260.3 £ 30.7 ms) than in athletes of <5 years
(~1240.4 4+ 23.2 ms). However, in athletes who had
<5 years of sports activity, a remarkable increase in T1
values was the most important result of the present study,
but there were no considerable differences in the LV-EDV,
LV-EDM and IVS-WT compared to non-athletic controls.

In addition, we focused on IVS native T1 values com-
pared to LV native T1 values. This study revealed that in
athletes who had >5 years of sports activity, there was a
prominent rise in IVS T1 values compared to LV T1 val-
ues, with a significant positive correlation when compared
to athletes who had <S5 years of sports activity. That
increase in the IVS-WT may affect the native T1 values
more significantly than it would the remaining myo-
cardium. Therefore, we suggest that evaluating the IVS
with native T1 mapping can provide hints about cardiac
remodeling.

Our study also showed a significant positive correlation
in athletes (groups 2a and 2b) between the LV-EDM and
LV native T1 value and between the IVS-WT and IVS
native T1 value. We interpreted these findings as an indi-
cation that myocardial structural changes increase with the
duration of sports activity, although this theory needs fur-
ther investigation.

Several limitations should be considered in this study.
First, it would be preferable to perform this study with a
larger study population, although our sample size was
determined by the power analysis to be sufficient. How-
ever, we were only able to include a limited number of
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active sporting athletes. Therefore, the small size of our
study population could limit the generalization of these
findings. Second, because our study population did not
have any cardiac complaints, we did not confirm our CMR
imaging findings with histopathologic methods. Finally, the
current evidence derived from the T1 mapping technique is
considered less strong than similar evidence from the
extracellular volume fraction method. To support our
findings and define the underlying reason for the increase
in T1 values in athletes, the use of this technique in athletes
need further investigation.

In conclusion, this study explored whether the native
T1 mapping technique has the potential to discriminate
myocardial fibrotic changes in athletes when compared to
demonstrated clinical or functional-morphologic imaging
methods. Our study revealed that early myocardial
alterations can be detected quantitatively by the native
T1 mapping technique. The T1 mapping method might
be a feasible technique to evaluate athletes, as it does
not involve contrast, is non-invasive and allows for easy
evaluation of myocardial remodeling. Further investiga-
tions are needed to define the native T1 cut-off values
for risk classifications in athletes.

Compliance with ethical standards

Conflict of interest The authors declare no potential conflicts of
interest with respect to the research, authorship, or publication of this
article. The authors state that they have full control of all primary data
and that they agree to allow the journal to review their data if
requested.

Informed consent Informed consent was obtained from each
patient prior to the examination in accordance with local Ethics
Committee requirements.

References

1. La Gerche A, Taylor AJ, Prior DL (2009) Athlete’s heart: the
potential for multi modality imaging to address the critical
remaining questions. JACC Cardiovasc Imaging 2:350-363.
doi:10.1016/j.jcmg.2008.12.011

2. Waterhouse DF, Ismail TF, Prasad SK, Wilson MG, O’Hanlon R
(2012) Imaging focal and interstitial fibrosis with cardiovascular
magnetic resonance in athletes with left ventricular hypertrophy:
implications for sporting participation. Br J Sports Med 46(Suppl.
1):169-i77. doi:10.1136/bjsports-2012-091482

3. de Noronha SV, Sharma S, Papadakis M, Desai S, Whyte G,
Sheppard MN (2009) Aetiology of sudden cardiac death in ath-
letes in the United Kingdom: a pathological study. Heart
95:1409-1414. doi:10.1136/hrt.2009.168369

4. Breuckmann F, Mohlenkamp S, Nassenstein K, Lehmann N,
Ladd S, Schmermund A, Sievers B, Schlosser T, Jockel KH,
Heusch G, Erbel R, Barkhausen J (2009) Myocardial late
gadolinium enhancement: prevalence, pattern, and prognostic
relevance in marathon runners. Radiology 251:50-57. doi:10.
1148/radiol.2511081118

@ Springer

10.

11.

12.

13.

15.

16.

17.

18.

. Wong TC, Piehler K, Meier CG, Testa SM, Klock AM, Aneizi

AA, Shakesprere J, Kellman P, Shroff SG, Schwartzman DS,
Mulukutla SR, Simon MA, Schelbert EB (2012) Association
between extracellular matrix expansion quantified by cardiovas-
cular magnetic resonance and short-term mortality. Circulation
126:1206-1216. doi:10.1161/CIRCULATIONAHA.111.089409

. O’Keefe JH, Patil HR, Lavie CJ, Magalski A, Vogel RA,

McCullough PA (2012) Potential adverse cardiovascular effects
from excessive endurance exercise. Mayo Clin Proc 87:587-595.
doi: 10.1016/j.mayocp.2012.04.005

. Dores H, Freitas A, Malhotra A, Mendes M, Sharma S (2015)

The hearts of competitive athletes: an up-to-date overview of
exercise-induced cardiac adaptations. Rev Port Cardiol 34:51-64.
doi:10.1016/j.repc.2014.07.010

. Sengupta PP, Tajik AJ, Chandrasekaran K, Khandheria BK

(2008) Twist mechanics of the left ventricle: principles and
application. JACC Cardiovasc Imaging 1:366-376. doi:10.1016/j.
jecmg.2008.02.006

. Paterick TE, Gordon T, Spiegel D (2014) Echocardiography:

profiling of the athlete’s heart. J Am Soc Echocardiogr
27:940-948. doi:10.1016/j.ech0.2014.06.008

Pastor A, Voigt T, Schaeffter T, Nagel E, Puntmann VO (2012) Use-
fulness of cardiac magnetic resonance in early assessment of car-
diomyopathies: myocardial fibrosis is a common denominator. Curr
Cardiovasc Imaging Rep 5:77-82. doi:10.1007/s12410-012-9125-9
Bull S, White SK, Piechnik SK, Flett AS, Ferreira VM, Loudon
M, Francis JM, Karamitsos TD, Prendergast BD, Robson MD,
Neubauer S, Moon JC, Myerson SG (2013) Human non-contrast
T1 values and correlation with histology in diffuse fibrosis. Heart
99:932-937. doi:10.1136/heartjnl-2012-303052

Okur A, Kantarct M, Kizrak Y, Yildiz S, Pirimocih B, Karaca L,
Ogul H, Sevimli S (2014) Quantitative evaluation of ischemic
myocardial scar tissue by unenhanced T1 mapping using 3.0
Tesla MR scanner. Diagn Interv Radiol 20:407-413. doi:10.5152/
dir.2014.13520

Mitchell JH, Haskell WL, Raven PB (1994) Classification of
sports. J Am Coll Cardiol 24:864-866. doi:10.1016/0735-
1097(94)90841-9

. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA,

Izzo JL, Jones DW, Materson BJ, Oparil S, Wright JT, Roccella
EJ, Heart National, National Heart, Lung, and Blood Institute
Joint National Committee on Prevention, Detection, Evaluation,
and Treatment of High Blood Pressure, National High Blood
Pressure Education Program Coordinating Committee (2003) The
seventh report of the joint national committee on prevention,
detection, evaluation, and treatment of high blood pressure: the
IJNC 7 report. JAMA 289:2560-2571. doi:10.1001/jama.289.19.
2560

Kramer CM, Barkhausen J, Flamm SD, Kim RJ, Nagel E, Society
for Cardiovascular Magnetic Resonance Board of Trustees Task
Force on Standardized Protocols (2013) Standardized cardiovas-
cular magnetic resonance (CMR) protocols 2013 update. J Car-
diovasc Magn Reson 15:91. doi:10.1186/1532-429X-15-91
Thavendiranathan P, Walls M, Giri S, Verhaert D, Rajagopalan S,
Moore S, Simonetti OP, Raman SV (2012) Improved detection of
myocardial involvement in acute inflammatory cardiomyopathies
using T2 mapping. Circ Cardiovasc Imaging 5:102-110. doi:10.
1161/CIRCIMAGING.111.967836

von Knobelsdorff-Brenkenhoff F, Prothmann M, Dieringer MA,
Wassmuth R, Greiser A, Schwenke C, Niendorf T, Schulz-
Menger J (2013) Myocardial T1 and T2 mapping at 3 T: refer-
ence values, influencing factors and implications. J Cardiovasc
Magn Reson 15:53. doi:10.1186/1532-429X-15-53

Maron BJ (1986) Structural features of the athlete heart as
defined by echocardiography. J Am Coll Cardiol 7:190-203.
doi:10.1016/S0735-1097(86)80282-0


http://dx.doi.org/10.1016/j.jcmg.2008.12.011
http://dx.doi.org/10.1136/bjsports-2012-091482
http://dx.doi.org/10.1136/hrt.2009.168369
http://dx.doi.org/10.1148/radiol.2511081118
http://dx.doi.org/10.1148/radiol.2511081118
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.089409
http://dx.doi.org/10.1016/j.mayocp.2012.04.005
http://dx.doi.org/10.1016/j.repc.2014.07.010
http://dx.doi.org/10.1016/j.jcmg.2008.02.006
http://dx.doi.org/10.1016/j.jcmg.2008.02.006
http://dx.doi.org/10.1016/j.echo.2014.06.008
http://dx.doi.org/10.1007/s12410-012-9125-9
http://dx.doi.org/10.1136/heartjnl-2012-303052
http://dx.doi.org/10.5152/dir.2014.13520
http://dx.doi.org/10.5152/dir.2014.13520
http://dx.doi.org/10.1016/0735-1097(94)90841-9
http://dx.doi.org/10.1016/0735-1097(94)90841-9
http://dx.doi.org/10.1001/jama.289.19.2560
http://dx.doi.org/10.1001/jama.289.19.2560
http://dx.doi.org/10.1186/1532-429X-15-91
http://dx.doi.org/10.1161/CIRCIMAGING.111.967836
http://dx.doi.org/10.1161/CIRCIMAGING.111.967836
http://dx.doi.org/10.1186/1532-429X-15-53
http://dx.doi.org/10.1016/S0735-1097(86)80282-0

Int J Cardiovasc Imaging (2016) 32:975-981

981

19.

20.

21.

22.

23.

24.

25.

Scharhag J, Thiinenkétter T, Urhausen A, Schneider G, Kinder-
mann W (2010) Echocardiography of the right ventricle in ath-
lete’s heart and hearts of normal size compared to magnetic
resonance imaging: which measurements should be applied in
athletes? Int J Sports Med 31:58-64. doi:10.1055/s-0029-
1241209

Lai WW, Gauvreau K, Rivera ES, Saleeb S, Powell AJ, Geva T
(2008) Accuracy of guideline recommendations for two-dimen-
sional quantification of the right ventricle by echocardiography.
Int J Cardiovasc Imaging 24:691-698. doi:10.1007/s10554-008-
9314-4

Khoo NS, Young A, Occleshaw C, Cowan B, Zeng IS, Gentles
TL (2009) Assessments of right ventricular volume and function
using three-dimensional echocardiography in older children and
adults with congenital heart disease: comparison with cardiac
magnetic resonance imaging. J Am Soc Echocardiogr
22:1279-1288. doi:10.1016/j.ech0.2009.08.011

Prakken NH, Teske AJ, Cramer MJ, Mosterd A, Bosker AC, Mali
WP, Doevendans PA, Velthuis BK (2012) Head-to-head com-
parison between echocardiography and cardiac MRI in the
evaluation of the athlete’s heart. Br J Sports Med 46:348-354.
doi:10.1136/bjsm.2010.077669

Maron BJ, Thompson PD, Ackerman MJ, Balady G, Berger S,
Cohen D, Dimeff R, Douglas PS, Glover DW, Hutter AM, Krauss
MD, Maron MS, Mitten MJ, Roberts WO, Puffer JC (2007)
Recommendations and considerations related to preparticipation
screening for cardiovascular abnormalities in competitive ath-
letes: 2007 update: a scientific statement from the American
Heart Association Council on Nutrition, physical activity, and
metabolism: endorsed by the American College of Cardiology
Foundation. Circulation 115:1643-1655. doi:10.1161/CIRCULA
TIONAHA.107.181423

Corrado D, Pelliccia A, Bjgrnstad HH, Vanhees L, Biffi A,
Borjesson M, Panhuyzen-Goedkoop N, Deligiannis A, Solberg E,
Dugmore D, Mellwig KP, Assanelli D, Delise P, van Buuren F,
Anastasakis A, Heidbuchel H, Hoffmann E, Fagard R, Priori SG,
Basso C (2005) Cardiovascular pre-participation screening of
young competitive athletes for prevention of sudden death: pro-
posal for a common European protocol. Consensus statement of
the Study Group of Sport Cardiology of the Working Group of
Cardiac Rehabilitation and Exercise Physiology and the Working
Group of Myocardial and Pericardial Diseases of the European
Society of Cardiology. Eur Heart J 26:516-524. doi:10.1093/
eurheartj/ehi108

Thompson PD, Franklin BA, Balady GJ, Blair SN, Corrado D,
Estes NA, Fulton JE, Gordon NF, Haskell WL, Link MS, Maron
BJ, Mittleman MA, Pelliccia A, Wenger NK, Willich SN, Costa
F, American Heart Association Council on Nutrition, Physical
Activity, and Metabolism, American Heart Association Council
on Clinical Cardiology, American College of Sports Medicine

26.

27.

28.

29.

30.

31.

32.

33.

34.

(2007) Exercise and acute cardiovascular events placing the risks
into perspective: a scientific statement from the American Heart
Association Council on Nutrition, Physical Activity, and Meta-
bolism and the Council on Clinical Cardiology. Circulation
115:2358-2368. doi:10.1161/CIRCULATIONAHA.107.181485
Maron BJ (2003) Sudden death in young athletes. N Engl J Med
349:1064-1075. doi:10.1056/NEJMra022783

Teske AJ, Prakken NH, De Boeck BW, Velthuis BK, Martens EP,
Doevendans PA, Cramer MJ (2009) Echocardiographic tissue
deformation imaging of right ventricular systolic function in
endurance athletes. Eur Heart J 30:969-977. doi:10.1093/eur
heartj/ehp040

Prakken NH, Velthuis BK, Teske AJ, Mosterd A, Mali WP,
Cramer MJ (2010) Cardiac MRI reference values for athletes and
nonathletes corrected for body surface area, training hours/week
and sex. Eur J Cardiovasc Prev Rehabil 17:198-203. doi:10.1097/
HJR.0b013e3283347fdb

Doltra A, Nasser SB, Messroghli D, Gebker R, Schnackenburg B,
Pieske B, Kelle S (2015) T1 mapping for the study of cardiac
hypertrophy. Curr Cardiovasc Imaging Rep 8:46. doi:10.1007/
$12410-015-9362-9

Ho CY, Lépez B, Coelho-Filho OR, Lakdawala NK, Cirino AL,
Jarolim P, Kwong R, Gonzalez A, Colan SD, Seidman JG, Diez J
(2010) Myocardial fibrosis as an early manifestation of hyper-
trophic cardiomyopathy. N Engl J Med 363:552-563. doi:10.
1056/NEJMoal002659

Hinojar R, Foote L, Arroyo Ucar E, Jackson T, Jabbour A, Yu
CY, McCrohon J, Higgins DM, Carr-White G, Mayr M, Nagel E,
Puntmann VO (2015) Native T1 in discrimination of acute and
convalescent stages in patients with clinical diagnosis of
myocarditis: a proposed diagnostic algorithm using CMR. JACC
Cardiovasc Imaging 8:37-46. doi:10.1016/j.jcmg.2014.07.016
Puntmann VO, D’Cruz D, Smith Z, Pastor A, Choong P, Voigt T,
Carr-White G, Sangle S, Schaeffter T, Nagel E (2013) Native
myocardial T1 mapping by cardiovascular magnetic resonance
imaging in subclinical cardiomyopathy in patients with systemic
lupus erythematosus. Circ Cardiovasc Imaging 6:295-301.
doi:10.1161/CIRCIMAGING.112.000151

Ferreira VM, Piechnik SK, Dall’ Armellina E, Karamitsos TD,
Francis JM, Choudhury RP, Friedrich MG, Robson MD, Neu-
bauer S (2012) Non-contrast T1-mapping detects acute myocar-
dial edema with high diagnostic accuracy: a comparison to T2-
weighted cardiovascular magnetic resonance. J Cardiovasc Magn
Reson 14:42. doi:10.1186/1532-429X-14-42

Ferreira VM, Piechnik SK, Dall’Armellina E, Karamitsos TD,
Francis JM, Ntusi N, Holloway C, Choudhury RP, Kardos A,
Robson MD, Friedrich MG, Neubauer S (2013) T(1) mapping for
the diagnosis of acute myocarditis using CMR: comparison to T2-
weighted and late gadolinium enhanced imaging. JACC Cardio-
vasc Imaging 6:1048-1058. doi:10.1016/j.jcmg.2013.03.008

@ Springer


http://dx.doi.org/10.1055/s-0029-1241209
http://dx.doi.org/10.1055/s-0029-1241209
http://dx.doi.org/10.1007/s10554-008-9314-4
http://dx.doi.org/10.1007/s10554-008-9314-4
http://dx.doi.org/10.1016/j.echo.2009.08.011
http://dx.doi.org/10.1136/bjsm.2010.077669
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.181423
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.181423
http://dx.doi.org/10.1093/eurheartj/ehi108
http://dx.doi.org/10.1093/eurheartj/ehi108
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.181485
http://dx.doi.org/10.1056/NEJMra022783
http://dx.doi.org/10.1093/eurheartj/ehp040
http://dx.doi.org/10.1093/eurheartj/ehp040
http://dx.doi.org/10.1097/HJR.0b013e3283347fdb
http://dx.doi.org/10.1097/HJR.0b013e3283347fdb
http://dx.doi.org/10.1007/s12410-015-9362-9
http://dx.doi.org/10.1007/s12410-015-9362-9
http://dx.doi.org/10.1056/NEJMoa1002659
http://dx.doi.org/10.1056/NEJMoa1002659
http://dx.doi.org/10.1016/j.jcmg.2014.07.016
http://dx.doi.org/10.1161/CIRCIMAGING.112.000151
http://dx.doi.org/10.1186/1532-429X-14-42
http://dx.doi.org/10.1016/j.jcmg.2013.03.008

	Assessment of myocardial changes in athletes with native T1 mapping and cardiac functional evaluation using 3 T MRI
	Abstract
	Introduction
	Methods
	Study population
	Cardiac magnetic resonance imaging
	Image analysis
	Statistical analysis

	Results
	Discussion
	References




